ABSTRACT Sodium currents were recorded in cell-attached and inside-out patches from the innervated membrane of Electrophorus electrocytes. Electrocytes from Sachs and main electric organs were prepared as described by Pasquale et al. (1986.J. Membr. Biol. 93:195.). Maximal currents in the Sachs organ, measured with 1-2-p.m diameter patch pipettes and at room temperature, were in the range of 20 to 300 pA (27 patches) and were obtained near +10 mV. This range of current corresponds to ~ 70 to 1,300 channels in a patch. Maximal current in main organ cells also occurred near + 10 mV and were in the range of 100 to 400 pA. Delayed K current was observed in a few patches. The inactivation phase of the currents during maintained depolarizations appears to be a single-exponential relaxation. The time constant decreases from 1 ms near -55 mV to a minimum of 0.3 ms near 0 mV, and then gradually increases with stronger depolarization. The mean currents are half inactivated near -90 mV with an apparent voltage dependence of e-fold per 6 mV. No apparent differences were observed in the decay time course or steady-state inactivation of the currents in the same patch before and after excision. From ensemble fluctuation analysis the peak open probability was found to be ~ 0.5 at +25 mV and increased only gradually with larger depolarizations. The single channel conductances were ~ 20 pS with 200 mM Na outside and 200 mM K inside, and 40 pS in 400 mM solutions. Reversal potentials in the 200 Na//200 K solutions ranged from +51 to +94 mV in multichannel patches, corresponding to selectivity ratios P~a/PK from 8 to 43. Large differences in reversal potentials were seen even among patches from the same cell. Several controls rule out obvious sources of error in the reversal potential measurements. It is concluded that there is heterogeneity in the selectivity properties of the Na channels.
INTRODUCTION
The first voltage-gated Na channel to be purified biochemically (Agnew et al., 1978; Miller et al., 1983) and to be cloned and sequenced (Noda et al., 1984) is that present in the electrocytes of the main electric organ of the electric eel Electrophorus electricus.
However, little has been reported concerning the biophysical properties of the channel in its native environment. This paper presents a characterization of the Na channel currents in membrane patches of eel electrocytes. Of special interest are some features of gating and ion selectivity that appear to differ from those of other sodium channels that have been studied.
The innervated membrane of an Electrophorus electrocyte is electrically excitable, having an estimated Na channel density of ~500 p~m -2 (Keynes and MartinsFerreira, 1953; Levinson, 1975) . The inward Na current that underlies the generation of the electrocyte action potential is tetrodotoxin sensitive (Nakamura et al. 1965; Grundfest, 1966) . Termination of the action potential occurs mainly as a result of Na channel inactivation (reviewed in Grundfest, 1966) . Earlier studies did not report the presence of a delayed K current, but inward-rectifying K channels that close upon small depolarizations from rest are present (Nakamura et al., 1965) .
The properties of Electrophorus Na channels have been studied after reconstitution into artificial membranes (Rosenberg et al., 1984a, b; Recio-Pinto et al., 1987; Shenkel et al., 1989; Correa et al., 1990) . Studies of Na currents in the native tissue have been hampered by the difficulty of voltage-clamping this preparation (Nakamura et al., 1965; Lester, 1978) . The alternative approach used here is to patchclamp small membrane areas (Hamill et al., 1981) . Recently, Pasquale et al. (1986) succeeded in recording currents through single nicotinic acetylcholine receptor channels from electrocytes after a dissection procedure involving enzymatic and mechanical treatment. A similar procedure was used in this study to allow recording of currents in electrocytes from the Sachs and main electric organs. A prelimina~ account of this work has previously appeared Shenkel, 1989) .
METHODS

Preparation and Electrocyte Dissection
The electric organ of Electrophorus consists of the mare organ, the organ of Sachs, and Hunter's organ, which together occupy most of the posterior three-quarters of the animal. The electrocytes are arrayed in rows and columns in these organs and are flattened in the anterior-posterior direction. Only the innervated, posterior membrane is excitable (Keynes and Martins-Ferriera, 1953) . The electrocytes from each organ have similar morphological and electrical properties (Keynes and Martins-Ferreira, 1953; Luft, 1957;  for review see Bennett, 1971) . Most of the experiments described here were performed on the electrocytes from the organ of Sachs, but recordings fiom main organ electrocytes were made for comparison.
Electrophorus electricus, 30-100 cm in length, were obtained from World Wide Scientific (Orlando, FL). The dissection procedure used here is similar to that described in Pasquale et al. (1986) . A portion of the organ with surrounding skin was removed by a transverse cut 8-10 cm from the end of the tail. Transverse slices two to three cell layers thick were made from this section and placed in extracellular solution (mM: 200 NaCI, 3 CaClz, 1.5 MgCI z, 5
Hepes(NaOH), pH 7.2) containing 1 mg/ml collagenase type IV from Clostridium histolyticum and 1 mg/ml hyaluronidase type-IV-S (Sigma), Chemical Co., St. Louis, MO, for 5-10 rain at room temperature (22-24°C). We found that enzyme treatment was not always necessary for removing connective tissue from the electrocytes of the smaller eels; no apparent differences in the time course and voltage dependence of activation and inactivation were obsewed among currents recorded from electrocytes with and without enzyme treatment. Patches from cells dissected in the absence of enzyme treatment are indicated in the figure and table legends.
After several rinses, a slice was pinned to the Sylgard R (Dow Coming Corp., Midland, MI) bottom of a plexiglass chamber with its innervated membrane facing up, and it was viewed under a dissecting microscope at a magnification of 40. The relatively thick coUagenous sheet containing spinal nerves and blood vessels, which blankets the innervated face, was removed with forceps. A much thinner sheet, which occasionally adhered tightly to the cell surface (Pasquale et al., 1986) , was also removed. Before each experiment the chamber was rinsed repeatedly and filled with an "intracellular" solution (mM): 200 KC1, 2 MgCI~, 1 EGTA, 5 Hepes(KOH), pH 7.2 (200 K solution). In some experiments a similar solution was used, but with 400 ~M KCI. In other experiments, 200 NaCI or 20 NaCI + 327 sucrose was substituted for KCI in the bath. The intracellular Na solutions were titrated with NaOH. In the text, "outside" and "inside" refer to the extracellular and intraceUular faces of the patch membrane, respectively. Description of solutions (in millimolar units) given in the text will be written according to the convention outside solution//inside solution. Experiments could be performed for 2 d following the dissection. All macroscopic currents were measured on the day of the dissection. By the second day, after storing the tissue overnight in an extracellular solution at 4°C, the channel activity in a patch was reduced to ~ 1/100 of that of freshly dissected cells and it was during this time that single-channel recordings were made. The time course and voltage dependence of activation and inactivation were similar for macroscopic and single-channel currents measured on day 1 and day 2, respectively (see Results). All experiments were performed at room temperature, 22-24°C.
Current Measurement
Patch pipettes were fabricated (Hamill et al., 1981) from KIMAX-51 glass capillaries (Kimble Products, Vineland, NJ) and filled with extracellular solution (mM): 200 NaCI, 3 CaCI v 1.5 MgCI 2, 5 Hepes(NaOH), pH 7.2 (200 Na solution). In some experiments a similar solution was used, but with 400 NaCI. The pipette resistances were ~ 3 MII in the 200 Na solution. The apparent seal resistance R~, which represents the parallel combination of leakage resistance through the seal and the resistance of the patch membrane itself, was determined from the difference in currents at the end of a prepulse and the end of a test pulse for each patch. Values of P~a~ were typically tens of gigohms (Fable I). The major obstacle in obtaining gigohm seals on this preparation was the relatively large amount of connective tissue covering the innervated membrane. In ~ 50% of the slices in which the connective tissue was easily removed from individual cells, the fraction of successful seals was ~ 75%. The success rate was lower on those cells to which the connective tissue adhered more tightly. In general, connective tissue was more easily removed from main organ cells, however they were more difficult to dissect because of their small size. The lifetime of the patches listed in Table I ranged from 1 to 68 min, with an average of 14 min. Most recordings were made in the "inside-out" patch configuration, obtained by simply withdrawing the pipette from the cell after establishing a seal. In ~ 10% of the excisions this led to unusual current recordings, which probably reflected resealing of the membrane to form a closed vesicle. In about half of these cases the currents appeared normal after passing the pipette tip through the air-solution interface. Some cell-attached measurements were made in order to compare currents before and after excision; in those experiments the K-containing bath solution was assumed to zero the cells' resting potential.
The current signal from an EPC-7 patch-clamp amplifier (List Medical, Darmstadt, FRG) was filtered with a low-pass Bessel filter at 3-10 kHz and sampled at five times the bandwidth by a computer-based data acquisition system (Affolter and Sigworth, 1988) . The filtering probably distorted the rapid activation phase of some current records, since even at 10 kHz the filter risetime is ~ 30 p.s. However, we expect that the voltage control of the patch membrane was adequate: the stimulus risetime on the EPC-7 was set to 2 I~s, and because of the low capacitance of the patch membrane and the speed of the current-to-voltage converter, all other time constants in the voltage control of the membrane are expected to be < 1 ~s. Potentials were corrected for a measured diffusion potential of -5 mV in those experiments performed with 200 Na//200 K solutions. The diffusion potential was measured in the following way: With an open pipette in the bath, the electrode potential difference was zeroed with 200 mM Na with parameters: Ea~ = -15 mV, za, = 3.5, Ea2 = +7.6, za2 ---1.3, PNa/PK = 21, PNa = 3.5 X 10-5 cm/s. The expression above is of the form of the open probability function for a "closed-closed-open" channel-gating scheme. It provides a better fit than the Boltzmann component of Eq. 1 to the steep initial rise of the current in the peak current-voltage relations. mV and a maximal inward current of 262 pA flowed at + 15 mV. In 27 patches from 18 cells the maximal currents were in the range of 19 to 325 pA and the mean potential for maximal current was +9.8 -4.9 mV (SD). The range of peak current probably reflects variations in patch area and channel density.
The solid curve in Fig. 1 B is a least-square fit to the product of the GoldmanHodgkin-Katz (GHK) current equation (Goldman, 1943; Hodgkin and Katz, 1949) and a Boltzmann function,
where I is the current, PNa is the Na permeability, E is the membrane potential, z~ is the valence of the apparent gating charge, E a is the midpoint voltage of activation, and [Na]o and [K]i are the external and internal concentrations of Na and K, respectively. R, T, and F have their usual meanings. The curve was drawn according to the following parameters: E a = +4.4 mV, z, = 1.8, PN,/PK = 21.8, and PNa = 3.4 X 10 -5 cm/s. A better fit in the voltage range of -60 to -20 mV could be obtained by including an additional exponential term in the denominator of Eq. 1 as indicated by the dotted curve (see Fig, 1 legend) . However, since the additional term had little influence on the function near the reversal potential, we used fits to the simpler Eq. 1 to determine reversal potentials (and, equivalently, permeability ratios) tbr the patches listed in Tables I and II .
Delayed Outward Current
A delayed outward current of 1-2 pA was detected in two of the 27 patches listed in Table I . When measured at the end of a 5-ms depolarization of -5 mV, the size of the outward current was only 2.4% and 0.9% of the peak inward current in these patches. Larger outward currents were observed in a few subsequent experiments; Fig. 2 A shows a family of current traces from one of these. The current rises with a delay, which decreases with stronger depolarization. Outward current was first detected near -40 mV and a maximal current of ~ 50 pA was recorded within the voltage range +35 to + 105 mV (Fig. 2 B) . Outward single channel currents (Fig. 2 C) have amplitudes that increase with depolarization in the voltage range of -35 to -5 mV, and saturate at ~ 1.7 pA for larger depolarizations. The outward current thus appears to arise from a low density of delayed-rectifying potassium channels.
Na Current Inactivation
The declining phase of the electrocyte Na current appears to be a single-exponential relaxation (Fig. 3 A) . In some patches the currents decayed to a nonzero level at strong depolarized potentials. In the voltage range of -55 to near 0 mV the inactivation time constant % declines; it then gradually increases with tiarther depolarization. This voltage dependence of % is unaffected by patch excision (Fig. 3  B) . In 25 inside-out patches from 18 cells the mean value of'rh at +5 mVwas 0.31 +_ 0.06 ms (SD; Table I ). A similar value of 0.30 + 0.12 (SD, three cells) was obtained in inside-out patches from main organ electrocytes. Steady-state Na channel fast inactivation was investigated using a two-pulse protocol (Hodgkin and Huxley, 1952) . The peak current It during a depolarizing test pulse was measured following conditioning prepulses of varying potential Ep and 20-ms duration from a holding potential of either -85 or -95 mV. The 20-ms prepulse length was chosen to be long enough to reach a steady level of inactivation. 
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In 11 inside-out patches from nine cells the fitted inactivation midpoint voltage E h was -93 -+ 5 mV and the apparent valence zh = 3.9 +-0.3. With an electrocyte resting potential of -90 mV (Bennett, 1971 ) and these average inactivation parameters, Pmpulse (mV) ~ 60% of the Na channels would be inactivated. Slightly higher values of Eh were obtained in recordings from main organ electrocytes (Table II) .
No changes in the steady-state inactivation parameters were observed between cell-attached and inside-out patches. Table II compared these parameters. A direct comparison can be made in the cases of Sachs electrocytes 8 and 19 and main electrocytes 1 and 7, where data were obtained from the same patches. Fig. 4 shows steady-state inactivation curves from two different cells before (squares) and after (diamonds) excisions of the patches.
The Na current showed some slow inactivation, but was little affected by holding potentials negative to -85 inV. Slow inactivation was investigated in a cell-attached 
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Fluctuation Analysis
We used ensemble fluctuation analysis (Sigworth, 1980) to obtain estimates for the number of channels in a patch and the single-channel current amplitudes. Depolarizing pulses were applied at 1-s intervals; the holding potential was -95 mV, and 20-ms prepulses to -125 mV were used to remove inactivation. From sets of ~ 50 consecutive current records at 10 kHz bandwidth, mean and variance time courses were calculated. The background variance was taken to be the average variance during the prepulse; it was subtracted from the variance time course. 
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to the data points (R). Here P,,~x is the maximum peak open probability. The fitted parameters were: E a = +2.9 mV, z, = 1.4, and P .... = 0.69. Files: (123) 8179a.nla, (+) 5049a.nlb, (©) 6089a.nla.
A plot of the variance against the mean current for the data in Figs. 5, A and B is shown in part C. The curve is a least-squares fit to the equation
lZ(t) o~(t) = iI(t) N
where i is the single channel current amplitude and N is the number of channels. In this fit N was determined to be 1,300 and i = 1.2 pA. The single channel current-voltage relation obtained from variance-mean analysis of this patch (Fig. 5 D) shows a conductance of 25 pS.
The peak open probability P0 was calculated from P0 = lpeak/Ni, where N and i were obtained from curve fitting of Eq. 3 to the variance-mean plots. The peak open probability in three different patches is plotted as a function of voltage in Fig. 6 . The values of N were 340, 300, and 1,300, while P0 values at +25 mV were 0.50, 0.51, and 0.51, respectively. Assuming a reproducible peak open probability at +25 mV, we estimated N to range from 70 to 1,350 in the 27 patches of 
Single Channel Recordings
Comparison of Currents on Da~ 1 and Day 2
No apparent differences were observed in the activation and inactivation of the currents recorded from freshly dissected cells ( on the day after the dissection (day 2). Each pair of traces in Fig. 8 A compares the large currents (upper) recorded on day 1 with the smaller currents (lower) recorded from the same preparation (but a different cell) on day 2; the upper and lower traces correspond to the average of 6 and 20 consecutive sweeps, respectively. The normalized peak current-voltage relations from day 1 (squares) and day 2 (diamonds) are shown in Fig. 8 B. The solid curve is a least-squares fit of Eq. 1 (see figure legend for parameters). Fig. 8 C compares the voltage dependence of Th for day 1 (squares) and day 2 (diamonds) currents.
Why are the currents smaller on day 2? The reduction in current is not apparent as a gradual run down on day 1; the average ratios of the currents measured 6, 10, 11, 13, and 27 min apart in five patches were 1.00, 1.04, 0.90, 1.04, and 1.00, respectively. We speculate that an increase in intracellular Ca resulting from storage of the tissue in a physiological extracellular solution at 4°C might have led to smaller currents on day 2. In favor of this view is the result of one experiment in which the tissue was stored in "Ca-free" extracellular solution overnight at 4°C. Under these 
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conditions the current amplitudes that we measured on the following day were comparable to those on day 1. Further support of this hypothesis comes from patch-clamp experiments on squid giant axons, where exposure of the inside of a freshly dissected axon to sea water containing Ca for a few minutes leads to a reduction of the Na current density without affecting channel kinetics (Bezanilla, 1987) . PN,/P~ calculated from reversal potential measurements. rlCut fiber preparation in 120 mM Cs. Ps,/PK calculated from reversal potential differences with 110 mM external Na and K solutions.
Reversal Potentials
The selectivity ratios in Na channels from nerve and muscle cells have been found to be well defined for given sets of ionic conditions (Table III) . We were surprised to find that in inside-out patches with equal concentrations of Na outside and K inside, the measured reversal potentials varied from patch to patch from a single electrocyte. No variation was found in repeated measurements on a single patch. In a patch from Sachs cell 12, reversal potential measurements made 16 min apart were both +75 mV; in cell 15, identical values of +51 mV were measured at the beginning of the experiment and 21 min later. measured reversal potentials was from +50 to +92 mV, with a mean of +75 -+ 14 mV (SD; Table I ). The mean reversal potential corresponds to a selectivity ratio PNa/PK of 20 with a range of 8 to 40. Reversal potential variation was also observed in 400 Na//400 K. However, under these conditions the currents reversed at a more positive potential on average and the range of variability was apparently lower: +86 -+ 8 mV (mean -+ SD) with a range of +75 to +96 mV in six patches from three cells. The range corresponds to PNa/PK of 20--46; it should be noted that the large PNa/PK of 41 found for trypsin-treated purified electrocyte Na channels in planar bilayers in 400 Na//400 K ) is within the range of values observed here for the 400-raM solutions. A large variation in reversal potential values in inside-out patches from main organ electrocytes was also observed (Table II, C and D) .
Controls for Errors in Reversal Potential Measurements
One source of error that could produce reversal potential variation from patch to patch would be drift in the electrode offset potential. Several tests ruled out such drifts. First, fluctuations in electrode offset potential difference with an open pipette in the bath were measured to be < 1 mV. Second, the electrode potential difference was zeroed before each experiment and checked at the end. When present, offset potentials were at most 3 mV in those experiments analyzed for this paper.
Further tests of accurate voltage control involved comparison of the values of the reversal potential E r and the inactivation midpoint potential Eh. The standard deviations of reversal potentials ranged from 14 to 19 mV compared with < 5 mV for E h (Table II, A-D) , suggesting that their variations come from different sources. Table II A shows a particularly large (40 mV) difference in Er, but only a 3 mV difference in Eh. A correlation coefficient of r = + 1 between Eh and Er would be expected for correlated errors due to electrode drift, while a value near -1 would result from large series-resistance errors. Analysis of the E h and E, values in Table IIB showed no correlation (r = 0.16; P > 0.5).
Comparison of the values for electrocytes 14 and 20 in
Additional tests of accurate voltage control of the patch, as well as of possible effects of ion accumulation or chloride permeability, involved experiments in symmetrical and asymmetrical NaCl solutions. Under these conditions E,. is expected to follow the Nernst equation for Na. Fig. 10 shows a family of currents recorded in symmetrical 200 Na along with peak current-voltage relations from three patches on the same cell. A reversal potential of +0.7 mV was obtained from a fit of Eq. 1 to the data indicated by the squares. The two other patches had reversal potentials of 0.8 and -0.2 mV.
A more sensitive test made use of asymmetric Na solutions on three patches from the same cell. First, the reversal potential was measured in 200 Na//20 Na + 327 sucrose. Under these conditions the calculated Nernst potential for Na is +60 mV at 24°C; the measured values were +60, +59, and +58 mV. (Fig. 1 t A) . Next, the bath side of the patch was perfused by moving the pipette tip into a steady stream of 200 K solution from a small diameter tube immersed in the bath, and reversal potentials of +66, +81, and +103 mV were measured (Fig. 11 B) . Finally, moving the patch away from the stream resulted in the return of the reversal potential back to its previous value near +60 mV. The families of currents shown in Fig. 11 correspond to the data indicated by the diamonds in A and B. In three other patches from the same cell the measured reversal potentials in 200 Na//20 Na + 327 sucrose were in the range +58 to +62 mV. To test whether the perfusion with the 200 K solution was complete, the converse experiment was performed with 200 K in the bath and 200 Na in the perfusion tube. Reversal potentials of 0 mV were observed when the patch was moved into the 200 Na stream. The experiments in asymmetric Na solutions also served as a control for the possibility that the reversal potential variation arose tiom dilution of the pipette solution by the bath solution. Such dilution was unlikely since slight positive pressure was always applied to the interior of the pipette resulting in the flow of solution away from the tip, and seal formation was almost instantaneous upon application of gentle suction.
We also considered the possibility that a transient K current might be present, which, if it had kinetics similar to the Na current, could influence the apparent reversal potential. Fig. 12 shows data from an experiment in which we looked for transient outward current with tetrodotoxin (TTX) in the pipette to block Na current. 11 patches were made from a single cell, 5 patches without TFX and 6 with 1 ~M TIX present. Comparison of separate patches with and without TI'X in the pipette was done because of the difficulty of perfusing the pipette with a TI'X solution. In the absence of TI'X the maximal Na currents from different patches were 40-115 pA and reversal potentials ranged from +47 to +81 mV. Fig. 12 A shows a family of currents in the vicinity of the reversal potential from one of the three patches before TI'X. The next five patches were made in the presence of TI'X; neither Na current nor transient outward current was observed. Fig. 12 B shows current traces from one of these patches. Na current was observed in the two ensuing patches in the absence of Trx (Fig. 12 C) . For the final patch in this experiment T1-X was used; again, no currents were seen (Fig. 12 D) . Finally, we wondered if the currents through the patch membrane could be large enough to influence the local ion concentration. Fig. 12 E shows an example of the total pipette current without P/4 leak subtraction. The trace shows fast and slow (time constant ~0.2 ms) capacitive components, mainly resulting from the stray capaci-tance in the wall of the pipette. The fast component is inverted, resulting from slight overcompensation of "c-fast" on the patch-clamp amplifier. The large slow component arises from dielectric relaxation in the pipette glass ("bulk ac conductance," see Hamill et al., 1981) ; its full amplitude appears here because no "c-slow" compensation was used. The size of this component was smaller with pipettes having a thicker Sylgard ® coating. The seal resistance for this patch, estimated from the current at the end of the depolarization, was 24 G~. The background current through the patch membrane is seen to be < 10 pA. A steady cation flux corresponding to a current of this magnitude would result in a very small perturbation in cation concentration, on the order of 0.1 mM at the membrane surface, if we assume that the access resistance to the membrane is similar to the open-pipette resistance of 3 MI). The reversal potential data from inside-out patches are summarized in Fig. 13 . The symbols in A and C correspond to reversal potential measurements in 200 Na//200 K and 400 Na//400 K, respectively. Fig. 13 B summarizes the results with asymmetric 
DISCUSSION
We have presented here an initial characterization of the currents through electric eel electrocyte Na channels, based on patch-clamp recordings of macroscopic and single-channel currents in electrocytes from the Sachs and main electric organs. Biochemical studies have used the main organ as the source of Na channel protein; the currents we have recorded in electrocytes from the main organ and organ of Sachs have very similar properties. The density of channels is quite high: the maximal patch currents in Sachs cells ranged from 20 to 300 pA (27 patches), and from variance-mean analysis the estimated number of channels in a patch was 70 to 1,350. Assuming a patch area of 10 ixm ~, this corresponds to ~ 10-100 channels/~xm 2, lower than the ~500/ixm 2 estimated from toxin binding experiments (Levinson, 1975) in main organ, but consistent with the density of ~ 100/~xm 2 we calculate fi, om our values of P0 and i and the peak current density of ~3 mA/pxF (~30 pA/Fm 2) observed by Nakamura et al. (1965) in electrocytes from the organ of Sachs. The peak currents we measure in main organ electrocytes were approximately twotbld greater on average than those in Sachs cells, which probably reflects a higher channel density. It is interesting to note that overnight storage of tissue at 4°C reduced the number of active channels in a patch to -1/100 of the number in freshly dissected cells. No evidence of run-down was seen in long patch recordings, however. Perhaps the decrease in channel density, which we speculate might be Ca dependent, arises from removal of channels from the membrane, or from a cell regulatory process by which the channels are turned off but still reside in the membrane. The general features of the Na channel currents observed here are similar to those reported by Nakamura et al. (1965) in their voltage-clamp analysis of relatively large areas of innervated membrane (0.02-0.07 cm2). They observed rapidly activating inward currents that lasted 0.5-1 ms during maintained depolarizations at 220C, and in physiological saline, reversed at +62 mV. A major difference between our recordings and the results of the voltage-clamp work has to do with K conductances. The electrocyte innervated membrane was reported to have a remarkably low resting membrane resistance of ~ 5 ~cm 2 (Keynes and Martins-Ferreira, 1953; Nakamura et al., 1965) , which arises mainly from an inward-rectifying K conductance (reviewed in Grundfest, 1966) . In voltage-clamp experiments the membrane resistance is seen to increase with depolarization from rest (Nakamura et al., 1965) , but the resistance increase is only about a factor of two, limited by what appears to be a substantial, K-selective leak conductance (GL; Ruiz-Manresa and Grundfest, 1976) . We did not observe inward rectifier currents, but this is not surprising since our extraceUular solutions contained no potassium (Hagiwara et al., 1976) . It is surprising, however, that a large leakage conductance is not reflected in our seal resistance values, which were similar to those reported by Pasquale et al. (1986) in their patch-clamp experiments on eel electrocytes. These values represent the parallel combination of seal leakage resistance and membrane resistance, and therefore can be taken only as a lower bound on the resistance of the patch membrane. From our values in Table I it can be concluded that the membrane resistance was always > 3 G~ in our patches; in one patch where the peak Na current was nearly 300 pA, the lower bound is 63 G~. On the other hand, a membrane leakage resistance of 10 D, cm 2 translates to 100 MS in a 10-1xm z patch. If we take into account the geometrical factor implied by a specific capacitance of ~50 i~F/cm 2 (Nakamura et al., 1965) , the predicted patch resistance is still only 5 Gll.
An explanation for this order-of-magnitude discrepancy in membrane resistances could be a leakage artifact in the early voltage-clamp experiments. In the voltageclamp system an intact cell is sandwiched between plastic sheets, forcing current to flow through both the noninnervated and innervated membranes, while the innervated membrane potential is measured from an intracellular microelectrode (Nakamura et al., 1965) . In this configuration, leakage current that passes around the outside of the cell appears as a current that reverses at the cell's resting potential. It is not immediately obvious as a leak because it does not reverse at zero membrane potential. There is no simple way to measure or control the conductance of this leak pathway. We suggest that this artifact might have contributed a substantial part, or possibly all, of the large leak conductance observed in the voltage-clamp results, and that the electrocyte membrane has a much lower leakage conductance than previously thought.
The fast inactivation properties of electrocyte Na channels appear generally similar to those of nerve and muscle channels (Hodgkin and Huxley, 1952; Goldman and Schauf, 1972; Campbell and Hille, 1976) . The inactivation phase during maintained depolarizations was well fitted by a single exponential function. In a few patches the outward Na current decayed to a steady nonzero level during strong depolarizations.
An outward current resembling delayed K current activation was also observed in some patches. The decrease in the inactivation time constant in the voltage range of -65 to ~ 0 mV is similar to other Na channels. In our recordings the time constants were seen to gradually increase for depolarizations greater than +10 mV; this appears to be a unique property of the eel channel. The average midpoint voltage of the steady-state inactivation curve for the eel channel is ~ 14 mV more negative than in frog skeletal muscle and node (Campbell and Hille, 1976) and 45 mV more negative than in squid axon (Hodgkin and Huxley, 1952) , but the steepness of the curves corresponds to an apparent valence of ~ 4 in each case.
No shifts in gating were observed for Na channels in membrane patches after excision. This was surprising, since patch excision in other cell types produces negative shifts of 10-50 mV in channel activation and inactivation properties (Fenwick et al., 1982; Cachelin et al., 1983; Fernandez et al., 1984) .
Similar single-channel conductance values were obtained from direct measurement of channel currents and from fluctuation analysis, and these values are comparable to those observed in other Na channels (Hille, 1984) . In inside-out patches with 200 Na//200 K solution the single-channel slope conductance was ~ 20 pS in the voltage range of -60 to -20 mV. This value is similar to the 16-17 pS (in 250 mM Na) reported by Rosenberg et al. (1984b) for purified eel channels in patch-clamped liposomes. With 400 Na//400 K, the slope conductance was 40 pS in the voltage range of -55 to -25 mV. This is close to the 44 pS conductance in symmetrical 400 Na of trypsin-treated, purified eel Na channels in planar bilayers . It should be noted that the symmetric Na solution and the absence of divalent cations in the bilayer experiments would both tend to increase the conductance.
A surprising finding is the large variation in the selectivity ratio PN,/PK among inside-out patches observed under identical conditions. Values of PN~/PK, obtained by fitting the GHK current equation to the peak current-voltage relations, ranged from 8 to 40 (27 inside-out patches from 18 cells) in the organ of Sachs, and from 11 to 55 (4 inside-out patches from 4 cells) in the main organ. Variation was also seen among patches on a single cell (Tables I and II) . In referring to Table I there appears to be a correlation between the magnitude of lma x and the PNa/PK selectivity ratio where larger values Of/ma x correspond to higher PNa/Pk. The PN~/PK values were averaged in groups of nine in which the first group corresponded to the nine lowest values of I ...... the second group to the next highest, and the third group the highest values of Im,x.
The resulting average PN,/PK selectivity ratios from the three groups were (mean _+ SEM): 18.7 _ 2.7, 21.3 -+ 4.0, and 28.0 -+ 2, respectively, with the corresponding average I .... values of 46, 102, and 248 pA. The existence of such a correlation is interesting, although the direction of the trend is puzzling: most artifacts, such as errors due to series resistance or diffusion of ions, would tend to reduce the apparent selectivity at higher current levels, not increase it. Interestingly, under conditions of higher ionic strength, average-size currents were associated with a relatively high PN./PK. In the four patches with 400 Na//400 K in which I ..... was measured, the average values of I .... and PN,/Pv. were 113 pA and 34 _+ 5.5 (mean + SEM).
The observed selectivity ratios tend to be higher than those reported in other preparations (Table III) ; it should be noted that a ratio of ~40 was also observed with trypsin-treated eel channels in bilayers . It is not known whether unmodified, purified, reconstituted Na channels display such PNa/PK variability as direct reversal potential measurements have not been made. Rosenberg et al. (1984b) and Correa et al. (1990) both studied the properties of unmodified, purified eel Na channels in patch-clamped liposomes, but they were unable to measure single-channel currents on both sides of the reversal potential.
Several controls involving Na gradients, steady-state inactivation curves, and have, in our opinion, ruled out sources of error due to electrode drift, voltage non-uniformity across the patch, ion accumulation effects, and the presence of contaminating K currents in our experiments. If the observed variation were an artifact, the most likely explanation would be the formation of a vesicle at the pipette tip causing a distortion of the inside-out patch recordings, and a change in the voltage applied to the Na channels. It appears to us, however, that the resulting change in potential or ionic concentrations at the membrane would also be detected as shifts in the inactivation curve or as changes in the reversal potential in asymmetric Na solutions. Neither of these effects was observed, leading us to believe that there are Na channels with differing selectivities in the electrocytes.
Our reversal potential measurements were made from populations of a few hundred channels, many fewer than the 105 to 108 channels found in the cellular preparations listed in Table III . In those preparations the number of channels is so large that mixtures of channels having different reversal potentials could exist in these preparations without any apparent effect on the macroscopic currents. Actually, our populations of several hundred channels should also have provided considerable averaging of channel properties. Suppose for example that there were two types of Na channels with similar conductance and equal probabilities of being present but with reversal potentials that differed by 100 mV. In a patch containing N = 100 channels the standard deviation of the reversal potential would be only 5 mV. The much larger scatter in reversal potentials that we observed suggests that channels with differing selectivities are not uniformly distributed, but are clustered in such a way that a patch membrane contains predominantly one type or another.
One situation in which selectivity variations among individual channels would be apparent is in bilayer studies of single BTX-or veratridine-activated Na channels, where the long channel-open times allow channel currents to be measured accurately on both sides of the reversal potential. However, in considering these results it should be kept in mind that the selectivity properties of BTX-or veratridine-activated channels are different from those of unmodified Na channels (Khodorov, 1985) .
PNa/PK has been determined from reversal potential measurements with reversed gradients of Na and K (Krueger et al., 1983; Moczydlowski et al., 1984; Garber, 1988) to be ~ 15, while under near-physiological ionic conditions the ratio is observed to be near 5.0 (Green et al., 1987; Recio-Pinto et al., 1987; Garber, 1988; Shenkel et al., 1989) . These latter studies report standard deviations in reversal potentials of < 1.0, 2.4, 5, and 6 mV, respectively, which could, at least in part, be due to measurement error. On the other hand, results from purified, veratridineactivated eel channels by Duch et al. (1989) show reversal potentials in the range of -33 to -62 mV for a reversed gradient and +40 to +52 for a normal gradient of 455 mM Na and K; the scatter might have resulted from measurement errors, but it is very large compared with the estimated electrode offset errors ( < 2 mV) and suggests that variability is present.
If there are multiple Na channel types in eel electrocytes, they could represent different gene products or different states of modification of a single species of Na channel protein. It is not known whether there are multiple Na channel genes in Electrophorus (as there are, for example in rat brain and muscle: Noda et al., 1986; Kayano et al., 1988; Auld et al., 1988; Trimmer et al., 1989; Kallen et al., 1989) . There is no evidence from biochemical studies, however, for heterogeneity in the channel protein. On the other hand, it is known that the channel is heavily glycosylated (Miller et al., 1983) and is covalently modified in vivo by acylation (Thornhill and Levinson, 1986) and phosphorylation (Emerick and Agnew, 1989) . It is tempting, therefore, to imagine that either the carbohydrate on the extracellular face of the channel, representing an estimated 200 negative charges, or phosphate groups attached on the intracellular face, could affect the selectivity of the channel by altering the electrostatic environment near the structures that determine the channel selectivity. Consistent with this kind of mechanism is the observation of Cahalan and Begenisich (1976) of higher selectivity ratios at higher ionic strengths; our data show a similar trend. However, it should be noted that in the absence of Ca the permeability ratio is concentration independent in neurotoxin-modified rat skeletal muscle Na channels in planar lipid bilayers under biionic conditions (Garber, 1988) .
